Light with light control of surface plasmon polaritons is theoretically demonstrated. A barely simple and compact source of these waves consists in a finite number of slits (evenly spaced) perforating a metal film. The system scatters electromagnetic fields in one side of the metal film when it is illuminated from the opposite side by a polarized light source. High intensity light sources moreover efficiently generate light at second harmonic and higher frequencies in the metal led by optical nonlinearities. It is shown how the mixing of fields scattered by the slits from a weak beam at λ wavelength, with the second harmonic fields generated by a high intensity 2λ beam, creates a destructive interference of surface plasmons in one of the two possible directions of emission from the slits, while these are enhanced along the opposite direction. The unidirectional launching of surface plasmons is due to the different properties of symmetry at λ whether they are linearly or nonlinearly generated. It is envisaged a nanodevice which might allow sending digital information codified in the surface plasmon field or be used to build ultra-narrow bandwidth surface plasmon frequency combs.
Light with light control of surface plasmon polaritons is theoretically demonstrated. A barely simple and compact source of these waves consists in a finite number of slits (evenly spaced) perforating a metal film. The system scatters electromagnetic fields in one side of the metal film when it is illuminated from the opposite side by a polarized light source. High intensity light sources moreover efficiently generate light at second harmonic and higher frequencies in the metal led by optical nonlinearities. It is shown how the mixing of fields scattered by the slits from a weak beam at λ wavelength, with the second harmonic fields generated by a high intensity 2λ beam, creates a destructive interference of surface plasmons in one of the two possible directions of emission from the slits, while these are enhanced along the opposite direction. The unidirectional launching of surface plasmons is due to the different properties of symmetry at λ whether they are linearly or nonlinearly generated. It is envisaged a nanodevice which might allow sending digital information codified in the surface plasmon field or be used to build ultra-narrow bandwidth surface plasmon frequency combs. Short after the first experimental demonstration of a laser device, Franken et al. reported that the high electromagnetic (EM) fields released by lasers allowed the generation of higher frequencies not present in the laser field [1] . The first nonlinear harmonic discovered was Second Harmonic Generation (SHG), a process through which two photons with the same frequency generate a new photon with twice the initial frequency. Harmonic generation is behind many of light technologies developed in the past for both research and commercial purposes [2] . Currently new functionalities and applications are being realized for optical characterization and manipulation, sensing and control of light, e.g. based on multipolar nonlinear nanoantennas [3] [4] [5] and nonlinear optical metasurfaces [6] [7] [8] which combine metals and different linear and nonlinear materials.
In this Letter, we present a method for actively controlling Surface Plasmon Polaritons (SPP) by means of SHG. These EM modes are bound to metal surfaces [9] , and it is precisely this confinement which makes them beneficial for light applications at the nanoscale [10] . We illustrate our approach using a simple structure: a set of slits perforating an opaque metal film. When illuminated from one side by an external light beam SPP waves are scattered in the opposite side of the film, whenever its electric field oscillates normal to the slit faces. The working principle of our method is depicted in Fig 1: the SPP fields from two different sources are coherently interfering on the metal surface at the same wavelength λ; the EM field scattered from a signal beam (central wavelength λ) by the slits and the one generated by a control beam (central wavelength 2λ) at its second harmonic (SH). We will show that the EM fields generated at λ have different properties of symmetry whether they are linearly generated by the signal beam or originate from SHG. The singular contrast between them will allow us to demonstrate unidirectional emission of SPPs actively controlled by SHG, without surface structuring [11] and the possibility to create SPP wavepackets,i.e. SPP bits, for sending digital information at the nanoscale or building ultra-narrow bandwidth SPP frequency combs.
The induced polarization currents and optical near fields are calculated using our homemade FiniteDifference Time-Domain (FDTD) code [12] . The particular details of the nonlinear numerical treatment can be found elsewhere [13] [see also the Supplemental Material (SM) [14] ]. Briefly, to calculate the nonlinear response at the SH frequency a perturbative approach is followed, assuming the intensity of the fundamental harmonic (FH) field is not affected by the SH fields. The second-order polarization P (SH) is introduced as a surface-like contribution in the FDTD algorithm [15, 16] :
where n and t stand for normal and tangential to the metal surface respectively, and χ ijk are the non-vanishing components of an effective second-order susceptibility tensor. The FH electric field is taken at the metal surface, and from it P (SH) is calculated at the same location. We have taken the linear dielectric constant of gold and its χ (2) from Ref. [17] and Ref. [18] , respectively. We have checked our FDTD program by comparing numerical against analytical results of SHG efficiency in metal surfaces, overall finding good agreement between methods (see SM [14] ).
In the FDTD simulations the system is illuminated by a low-intensity (real valued) plane wave beam at λ = 600nm (the signal) and by a second high-intensity plane wave beam at 2λ (the control), as illustrated in Fig. 1 . The experimental implications of such setup will be discussed later. We are interested in the SPP field at λ, which final distribution depends on the local field generated at SH and the near field scattered by the signal beam. In our proposal only the zero diffraction order is allowed at λ, which ensures the far-field emission at SH is almost suppressed [13] . To do that, we have chosen a finite slit array with period p = 300 nm. In addition, we take the slit width w = 50 nm and metal thickness h = 300 nm, the whole system surrounded by air. The number of slits chosen (N = 17) are enough to reproduce the main feature observed in the optical transmission spectrum calculated for the infinite structure (see Fig. 2(a) ). Transmission is calculated as the ratio of transmitted power over incident power, the last normalized to the whole area of the slit array. Figure 2 (b) (top panel) shows a snapshot of the only non-zero component of the magnetic field allowed by symmetry, H y , when the array is solely illuminated by the signal. It has reflection symmetry regarding the central slit (x = 0) given that H y (−|x|, z) = H y (|x|, z). The field pattern in air demonstrates we succeed in designing the structure because only the zero diffraction order is seen in the scattered field of the signal beam. In Fig. 2(b) (bottom panel) the system is illuminated by the control beam (signal off ). The magnetic field at its SH present point symmetry, that is H y (−|x|, z) = −H y (|x|, z). The EM fields at the metal surface "inherit" the symmetry of the EM waveguide modes excited inside the slits, which is different in each case [13] . It is worth to mention that the waveguide modes at SHG are unaccessible in the linear regime at normal incidence.
Therefore, by switching on signal and control beams simultaneously the final EM field has not definite symmetry because it results from a sum of an odd function plus an even function. The interference between the two terms can be tuned by adjusting the relative intensity and/or phase between them, thus E 2λ control = αE λ signal , where α = α 0 exp (iδπ), and the relative electric field amplitude α 0 is a function of the incident wavelength (depending on the linear and nonlinear optical properties of the materials) and the geometry of the system. To characterize the optical response in terms of directionality of SPP emission we define the SPP power ratio, for instance, to the right as: R R = P R /(P R + P L ), where P R and P L are the SPP powers to the right and left and calculated on the vertical surfaces represented with dashed lines in Fig. 2(b) top panel. These surfaces are located far from the slit array and the area of integration has subwavelength transverse size, so the contribution of radiation from the slits to P R and P L is negligible.
The array of slits is illuminated by both signal and control beams and the results are shown in Fig. 2(c)-(d) . For the structure investigated α 0 ∼ 2200. The main result of this Letter is that there exist phase conditions for total suppression of SPPs in one direction from the slits, while they are simultaneously enhanced along the opposite direction. In Fig. 2(c) the SPP power ratios to the right and left are shown for different values of the relative phase δ, calculated with FDTD (symbols). The trend is that of a simple sinusoidal function demonstrating the possibility of continuous coherent control of SPPs by SHG (solid lines). This fact is made more evident from the snapshots of the electric field amplitude shown in Fig. 2(d) we calculated for different δ values (those labeled with integer numbers in Fig. 2(c) ). Top and bottom panels visualize the unidirectional launching of SPPs actively controlled by SHG.
To observe the coherent effect, contributions from signal and SH fields generated by the control beam must be of similar magnitude (adjusted by tuning α 0 ). In addition, there is another constraint: E λ signal and E 2λ control fields have different frequencies and their phases need to be locked, like in experiments for Terahertz wave generation [19, 20] . In these experiments the control beam is focused onto a SHG crystal to generate enough output with a fixed phase relation between signal and control pulses.
In the following we discuss the possibility to dynamically change the relative phase between signal and control beams to achieve a train of SPP pulses (bits). Such a device might allow sending digital information codi-fied in the surface plasmon field or serve to produce SPP frequency combs. As a proof of principle, we demonstrate dynamical control of SPPs in Fig. 3 . A single FDTD simulation is set, spanning T simulation ∼ 1 ps in time. This short time has been chosen to reduce computational burden. The relative phase between signal and control beams is periodically changed every T simulation /4 time steps as shown in Fig. 3(a) , for values of δ labeled with integer numbers (see inset). The evenly spaced in time phase dynamics results in a suppression -enhancement sequence in time of the SPP current at the surface. In Fig. 3(b) the SPP power P L at λ is calculated, showing a train of SPP bits along the left path equally spaced in time, as expected.
The bit rate is approximately 1 Gbit/s in the simulations, a number which is of course constrained by our ability to externally tune the time span necessary to switch the phase or the relative intensity from off to on states and to measure it, with current lasers able to deliver fempto-second pulses with repetition rates as high as 10 GHz [21] .
The use of SHG for coherently controlling radiation has been recently purposed in isolated metallic wires [22] . Several drawbacks are inherent to the study of SHG from single nanoparticles, but even for flat metal surfaces there is still some controversy given the subtle nature of SHG processes in metals [16, 23, 24] . Even though most of the basic research on SHG from metals was initially focused on metal nanoparticles [4, 16, [25] [26] [27] [28] (to name a few), note that only recently the optical characterization of SHG emission from a single nanoparticle has been experimentally atttained [29] . Complex setups are needed to investigate far-field SHG from single metallic nanoparticles as compared to extended systems like arrays of symmetric nanoparticles [30] and holey metal films [31] .
The coherent control of SPPs is not restricted to the geometry here investigated and structures including metallic nanoparticles (e.g. patch antennas [32] )) and holey metal films can be considered. We additionally provide in the SM [14] results for a single metallic nanowire located over an optically thin metal film and we demonstrate coherent control of Long Range-SPPs [33] .
Not only active control of confined modes like SPPs or Long-Range SPPs can be attainable using our method, but coherent control of radiation from the corrugated metal surface, as shown in the SM [14] .
In conclusion, we have theoretically demonstrated the possibility of building SPP sources actively controlled by an external light source that would allow sending information as SPP bits on metal surfaces or be used to produce SPP frequency combs. Our theoretical proposal can be experimentally verified using standard pump-probe spectroscopy, the actual SPP bit rate constrained by the relative phase and intensity or phase delay introduced between the signal and control beams that is experimentally achievable. We envisage nonlinear nanodevices for control and generation of light based on coherently combining different light harmonics. Our proposal is of general application and would work in different plasmonic platforms and frequency regimes.
